Knowledge of vertical air motion in the atmosphere is important for both meteorological and climate studies due to its impact on clouds, precipitation and the vertical transport of air masses, heat, momentum, and composition. The vertical velocity (VV) of air is among the most difficult and uncertain quantities to measure due to its generally small magnitude and high temporal and spatial variability. In this study, a descending radiosonde system is developed to derive VV at the low and middle troposphere in north China during the summer months. The VV is estimated from the difference between the observed radiosonde descent speed and the calculated radiosonde descent speed in still air based on the fluid dynamic principle. The results showed that the estimated VV generally ranged from −1 m/s to 1 m/s, accounting for 80.2% of data points. In convective conditions, a wider distribution of the VV was observed, which was skewed to large values relative to those in nonconvective conditions. The average VV throughout the entire profile was close to 0 m/s under nonconvective conditions. In contrast, distinctive vertical air motions below 5 km above the ground were recorded under convective activities. Vigorous air motions with an absolute VV >2 m/s were occasionally observed and were often associated with the occurrence of cloud layers. Moreover, the detailed structure of the instant air motion near the cloud boundaries (i.e., top and base), with an absolute VV >10 m/s in convective weather systems, was clearly revealed by this technique. The uncertainty estimation indicated that this method has the potential to capture and describe events with vertical air motions >0.69 m/s, which is useful for a convective weather study. Further studies are required to carefully assess the accuracy and precision of this novel VV estimation technique.
Introduction
Vertical air motion reflects dynamic processes in the atmosphere and is crucial for cloud diagnostics, numerical simulation validations [1] , and investigations of the indirect effects of aerosols [2, 3] . Moreover, vertical air velocity can influence the locations of activated cloud droplets that originate at the cloud top and base; therefore, it can affect cloud formation [4, 5] . Previous studies have suggested that vertical air motion associated with anvil clouds played crucial roles in the mass and heat budgets of intense tropical convection systems [6] . The vertical velocity (VV) of air spanned a wide range of
The Concept of the Descending Radiosonde System
The descending radiosonde system is developed based on a conventional radiosonde operated at upper air observation stations. Figure 1 shows a schematic diagram of the descending radiosonde system. It is mainly composed of a radiosonde and a 50 cm diameter hard ball that acts as the parachute. A cutter triggered by a timer is placed on a 5 m string, which links the balloon and the hard ball. The radiosonde hangs under the hard ball using a string 40 m in length. The string between the balloon and hard ball is cut when the instrument package is elevated to the upper troposphere by the balloon. Then, the radiosonde and hard ball begin to fall, while the balloon and cutter continue rising until the balloon bursts. The hard ball is made of plastic foam with a weight of ~320 g. The conventional parachute used for the radiosonde is generally made of soft materials. The area of the thrust surface will vary during the descent period due to the deformation and swing of this soft parachute. The light hard ball used in our system never deforms during the entirety of the ascent and descent periods. The symmetrical shape of the ball guarantees a constant cross-section. This favors more accurate estimations of the vertical air motion compared with that from a dropsonde that uses a soft parachute.
The radiosonde deployed in the study was provided by the Changfeng Company, which participated in the Eighth World Meteorological Organization International Radiosonde Comparison at Yangjiang, China in 2010 [34] . The temperature sensor and the RH sensor of the radiosonde tend to display a more stable performance at the low and middle troposphere [35] . The radiosonde sensor was oriented and positioned the same during its ascent and descent periods, i.e., the temperature and RH sensors reached out from the upper part of one lateral side of the radiosonde box. The hard ball can decrease the radiosonde descent speed, which allows for more accurate atmospheric measurements to be obtained as a result of the reduction in the time lag error. Due to the multiple data receiving channels designed in a ground-based receiver, up to 8 different radiosondes can be released simultaneously, and data can be received and processed by one ground system at the same The hard ball is made of plastic foam with a weight of~320 g. The conventional parachute used for the radiosonde is generally made of soft materials. The area of the thrust surface will vary during the descent period due to the deformation and swing of this soft parachute. The light hard ball used in our system never deforms during the entirety of the ascent and descent periods. The symmetrical shape of the ball guarantees a constant cross-section. This favors more accurate estimations of the vertical air motion compared with that from a dropsonde that uses a soft parachute.
The radiosonde deployed in the study was provided by the Changfeng Company, which participated in the Eighth World Meteorological Organization International Radiosonde Comparison at Yangjiang, China in 2010 [34] . The temperature sensor and the RH sensor of the radiosonde tend to display a more stable performance at the low and middle troposphere [35] . The radiosonde sensor was oriented and positioned the same during its ascent and descent periods, i.e., the temperature and RH sensors reached out from the upper part of one lateral side of the radiosonde box. The hard ball can decrease the radiosonde descent speed, which allows for more accurate atmospheric measurements to be obtained as a result of the reduction in the time lag error. Due to the multiple data receiving channels designed in a ground-based receiver, up to 8 different radiosondes can be released simultaneously, and data can be received and processed by one ground system at the same time. The mean radiosonde ascent velocity is~5 m/s. The time for the cutter trigger is set to 45 min when the radiosonde generally travels through the troposphere.
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Site, Data and Methodology

Site
The radiosonde campaign was performed at Taibus Banner (TB; 41.69 • N, 115.23 • E, 1380 m ASL; as shown in Figure 2 ), Inner Mongolia, China. TB is a typical grassland area located in the southwest of the Xilin Gol Prairie. It has a temperate continental arid climate with low annual precipitation (<400 mm) that intensively occurs in the summer months. The station is located approximately 300 km northwest of Beijing.
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Figure 2. Left panel:
The campaign site at Taibus Banner (TB; yellow triangle) which is located approximately 300 km northwest of Beijing (BJ; red star), and the deployment of a C-band radar at Zhangjiakou (ZJK; pink dots). Right panel: drift distance (blue dots) of 20 radiosondes from the launch site when the detecting signal was lost during their descent periods; the red triangle denotes the launch site at TB; radiosondes released on the same day are encircled by a dashed line.
Data
The descending radiosonde data used by this study were collected at TB from 3 to 8 August 2012. The radiosondes were launched two to five times per day, resulting in a total of 20 profiles. Figure 2 shows the drift distances from the launching spot to when the radiosonde lost a signal during its descent period. They were mostly less than 50 km and were very close to the radiosondes released on the same day.
The maximum heights of the radiosonde exceed 10 km, after which it begins to descend. The minimum descent altitude with a radiosonde signal is generally ~0.5 km above the ground level (AGL). The radiosonde descent speed ranges from ~25 m/s at 10 km to ~15 m/s at 0.5 km AGL. It takes some extra time to reach the quasi-equilibrium state when the radiosonde begins to descend. The high descent speed at the high altitude of the troposphere may induce a large uncertainty in the VV retrievals since their magnitudes are usually dozens of centimeters per second or less. The radiosonde we used tends to provide a more stable performance at the low and middle troposphere [35] . Hence, only VVs at low and middle tropospheres (i.e., from 0.5 to 7 km AGL) are used in this study.
The radiosonde measures the atmospheric temperature, RH, horizontal wind speed and direction at a temporal resolution of 1 s during its ascent and descent periods. The response time of the temperature and humidity sensors is 0.8 and 1.5 s respectively. As an example, Figure 3 shows the measurement profiles from our last radiosonde launch at 12:57 local standard time (LST), 8 August 2012 when largest drift occurred. The temperature profiles during the ascent and descent periods were in a reasonable agreement. The RH profile observed during the descent was wetter than The campaign site at Taibus Banner (TB; yellow triangle) which is located approximately 300 km northwest of Beijing (BJ; red star), and the deployment of a C-band radar at Zhangjiakou (ZJK; pink dots). Right panel: drift distance (blue dots) of 20 radiosondes from the launch site when the detecting signal was lost during their descent periods; the red triangle denotes the launch site at TB; radiosondes released on the same day are encircled by a dashed line.
The maximum heights of the radiosonde exceed 10 km, after which it begins to descend. The minimum descent altitude with a radiosonde signal is generally~0.5 km above the ground level (AGL). The radiosonde descent speed ranges from~25 m/s at 10 km to~15 m/s at 0.5 km AGL. It takes some extra time to reach the quasi-equilibrium state when the radiosonde begins to descend. The high descent speed at the high altitude of the troposphere may induce a large uncertainty in the VV retrievals since their magnitudes are usually dozens of centimeters per second or less. The radiosonde we used tends to provide a more stable performance at the low and middle troposphere [35] . Hence, only VVs at low and middle tropospheres (i.e., from 0.5 to 7 km AGL) are used in this study.
The radiosonde measures the atmospheric temperature, RH, horizontal wind speed and direction at a temporal resolution of 1 s during its ascent and descent periods. The response time of the temperature and humidity sensors is 0.8 and 1.5 s respectively. As an example, Figure 3 shows the measurement profiles from our last radiosonde launch at 12:57 local standard time (LST), 8 August 2012 when largest drift occurred. The temperature profiles during the ascent and descent periods were in a reasonable agreement. The RH profile observed during the descent was wetter than that during the ascent, which is likely due to a larger spatial variation in the water vapor during the drift of the radiosonde. Compared to the ascent, the horizontal wind speed and direction tended to be smoother during the descent period, which was also likely associated with the spatial variation and due in part to the coarse vertical resolution (a larger descent speed of the radiosonde).
Remote Sens. 2019, 11, x FOR PEER REVIEW 5 of 17 that during the ascent, which is likely due to a larger spatial variation in the water vapor during the drift of the radiosonde. Compared to the ascent, the horizontal wind speed and direction tended to be smoother during the descent period, which was also likely associated with the spatial variation and due in part to the coarse vertical resolution (a larger descent speed of the radiosonde). To aid in the investigation of the VV retrieval, the ERA5 data were used to provide information pertaining to the large-scale synoptic circulation, surface atmospheric instability, and vertical velocity. ERA5 is the latest global atmospheric reanalysis dataset available from the European Centre for Medium-Range Weather Forecasts. The gridded data provides hourly estimates of a large number of atmospheric, land and oceanic climate variables. The data cover the Earth on a 30 km grid and resolve the atmosphere using 137 levels from the surface up to a height of 80 km. ERA5 includes information about uncertainties for all variables at reduced spatial and temporal resolutions. The pressure, temperature, zonal and meridional components of the wind, the convective available potential energy (CAPE), and the vertical velocity data over Inner Mongolia, were used. Additionally, a Weather Surveillance Radar-1998 Doppler (WSR-98D) radar deployed at Zhangjiakou (ZJK; 41.16°N, 114.69°E, 1425 m ASL; as shown in Figure 2 ). The radar base reflectively product was used to provide the temporal evolution of a convective cloud process over the TB site. The WSR-98D radar at ZJK is a C-band radar with a maximum range of 400 km [36] . The distance from this radar to the TB site is approximately 96 km.
Methodology
VV Estimation Algorithm
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where M is the total mass of the radiosonde (~0.24 kg), hard ball (~0.32 kg) and string (~0.13 kg), which is weighed and recorded for each package set. g is the acceleration due to gravity at the surface of Earth (in m s −2 ). ρ is the vertical dry air density profile (in kg/m 3 ), which can be calculated from the individual vertical profiles of the temperature and pressure. A is the cross-sectional area of the hard ball (in m 2 ), which is the same for every hard ball due to its constant diameter (i.e., 50 cm). This favors more accurate estimations of the vertical air motion compared to the soft parachute used by [30] because of the deformation and swing of the soft parachute. C is the drag coefficient which varies with the altitude in this study; it was set as a constant parameter for the dropsonde in [30] .
Radiosonde-Based Cloud Layer Identification
To aid the comprehension of the VV characteristics, a radiosonde-based cloud layer identification method developed by [37] was used. A brief description of the algorithm is presented here, while detailed procedures can be found in the above literature. The algorithm employs three height-resolving RH thresholds to determine the cloud layers, i.e., the minimum and maximum RH thresholds in cloud layers, and the minimum RH threshold within the distance of the two neighboring cloud layers. The RH is transformed with respect to ice for levels with a temperature below 0°C. This method was developed based on the Vaisala RS92 radiosonde, which had a higher RH detecting accuracy compared to other types of radiosondes [38] . The RH thresholds used to determine the cloud location by various radiosondes should be modified according to their different RH detecting accuracies [39] . The average dry bias of our radiosonde was about on the order of 10% from the surface to the middle troposphere [40] . Therefore, the above three RH thresholds for our radiosonde are 10% RH less than the values used for the Vaisala RS92 in [37] .
Uncertainty Analysis and Credibility Assessment of VV Retrievals
Validating the VV has long been a daunting task, not only because of the lack of independent "truth" in VV measurements but also because of the inherently large variability of VV [26, 30] . Both apply to this study. Here, we assess the credibility of the estimated VV by (1) an uncertainty analysis, and (2) examining the consistency of the retrieved VV with the radar-and radiosonde-observed cloud field and reanalysis data. The latter is achieved by conducting a composite analysis and a set of case studies.
Before proceeding, we first revisit some background knowledge of VV in order to aid in the interpretation of the credibility assessment. The VV of any air parcel has two components: VV mean and VV', in which VV mean is the vertical velocity of the large-scale mean flow that is typically small in magnitude (several tens of cm s −1 in fair weather conditions), and VV' is the turbulent component that is highly variable and can have large values in highly convective weather systems. VV mean , as a background VV, is much less variable than the small-scale VV'.
Uncertainty Estimation
According to the aforementioned VV estimation formula, its accuracy is determined by the uncertainties of W O and W C . The W O is inferred from the Global Position System (GPS) data that is provided by the descending radiosonde. Although the absolute uncertainty of the GPS data can reach up to several or tens of meters, W O is estimated from the relative position of the radiosonde. The uncertainty of W O is less than 0.3 m/s [41] . To reduce the occasional noise and uncertainty, the vertical resolution of W O was projected at a vertical resolution of 100 m for the radiosonde profile. Hence, the total uncertainty of W O may be expected to be 0.3 m/s at most.
The calculation of W C is a function of M, A, ρ, and C:
The uncertainty in W C is a composite contribution from the individual uncertainties of these four different parameters. Their uncertainties are assumed to be random and follow Gaussian distributions;
Remote Sens. 2019, 11, 1538 7 of 17 the Gaussian law of uncertainty propagation is thus applied to Equation (2) . The overall relative uncertainty is defined as
and is expressed as follows, with the results provided in Table 1 :
∆M is assumed to be a constant value of 1 g, leading to a 0.14% relative uncertainty ( ∆M M ) after being divided by the typical total mass of the descending system at 690 g. The surface of the plastic foam ball is designed smoothly, expecting to remove or reduce the water accumulation on the ball during the flight. However, potential total mass increase might occur due to the effect of the rain or/and ice. This effect is ignored in the current study because its quantity is still unclear at present given the complexity of the moisture accumulation under different weather conditions. As the next step, it might be expected to address this issue through the combination of in-situ experimental measurements and model simulations. The diameter of the hard plastic foam ball is 50 cm, with an absolute uncertainty set at a constant value of 0.1 cm. This results in the relative uncertainty of ∆A A being 0.40%. In contrast with M and A, the uncertainty contributions from ρ and C depend on the air pressure (or altitude) and temperature. Figure 4a presents the vertical distributions of the calculated ρ for 20 radiosondes released over the TB site. Overall, small variabilities were found among different profiles; their mean values increased from~0.47 kg/m 3 at 7 km to 0.97 kg/m 3 at 0.5 km. Vertical uncertainties of ρ is mathematically derived from uncertainties of temperature (0.3°C) and pressure (1 hPa) data with the law of uncertainty propagation. As shown in Figure 5 , the relative uncertainty is less than 1% for ρ at all height levels.
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The large magnitude of ∆C C below 4 km is most likely a result of the turbulence that occurs at the low troposphere [29, 30] .
The resultant relative and absolute uncertainties of W C caused by the above four parameters are also shown in Figure 5 . The maximum relative uncertainty (
) is 2.38%, which is mainly attributed to the large uncertainty of C. The absolute uncertainty of W C is calculated by the relative uncertainty multiplied by the mean W C (as presented in the following section), leading to the uncertainties varying between 0.24 and 0.39 m/s.
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The resultant relative and absolute uncertainties of WC caused by the above four parameters are also shown in Figure 5 . The maximum relative uncertainty ( The resultant absolute uncertainty of the VV retrievals, obtained by the sum of both W O and W C , is estimated on the order of 0.54-0.69 m/s. Based on this, the descending radiosonde estimated VV may have the potential to capture and describe events with vertical air motions >0.69 m/s.
Composite Analysis
The mass and vertical air density derived from the individual radiosonde and the vertical mean drag coefficients are input into Equation (1) to calculate W C in still air for each sounding. Figure 6 shows the vertical distributions of the observed and calculated radiosonde descent speed and the VV Remote Sens. 2019, 11, 1538 9 of 17 retrievals at a vertical resolution of 100 m from 20 radiosondes. In general, the observed radiosonde descent speed varied from~20 m/s at 7 km to~15 m/s in the boundary layer (Figure 6a ). However, a closer view of the individual descent profiles revealed discrepancies in the magnitude of the descent speed among different profiles. Compared to the measurements, the calculated descents were smoother and presented better consistency among the different profiles (Figure 6b) . The vast majority of VVs ranged from −1 m/s to 1 m/s, accounting for 80.2% of the data points (Figure 6c ). It should also be noted that strong vertical air motions were occasionally detected by a few of the radiosonde profiles. For example, updrafts >2 m/s were detected by two radiosondes at the low and middle troposphere. In addition, violent updrafts with a VV >6 m/s and downdrafts with a VV <−10 m/s were observed by one radiosonde released at 15:58 LST 7 August 2012 (hereafter this extreme radiosonde case is referred to as RC 7th ). Further investigations on these particular cases are presented in the following section.
Remote Figure 6 shows the vertical distributions of the observed and calculated radiosonde descent speed and the VV retrievals at a vertical resolution of 100 m from 20 radiosondes. In general, the observed radiosonde descent speed varied from ~20 m/s at 7 km to ~15 m/s in the boundary layer (Figure 6a ). However, a closer view of the individual descent profiles revealed discrepancies in the magnitude of the descent speed among different profiles. Compared to the measurements, the calculated descents were smoother and presented better consistency among the different profiles (Figure 6b ). The vast majority of VVs ranged from -1 m/s to 1 m/s, accounting for 80.2% of the data points (Figure 6c ). It should also be noted that strong vertical air motions were occasionally detected by a few of the radiosonde profiles. For example, updrafts >2 m/s were detected by two radiosondes at the low and middle troposphere. In addition, violent updrafts with a VV >6 m/s and downdrafts with a VV <-10 m/s were observed by one radiosonde released at 15:58 LST August 7, 2012 (hereafter this extreme radiosonde case is referred to as RC7th). Further investigations on these particular cases are presented in the following section. The average vertical profiles of the radiosonde descent speed and VV from 20 radiosondes are displayed in Figure 7 . The descent speeds from the measurements and calculations were generally close at most altitudes (Figure 7a) . A relatively larger difference could be found at ~3 km between the two descent datasets at a more detailed level, which was manifested in the extreme outliers in Figure  7b . The medians and means of the VV were generally distributed at approximately 0 m/s at all height levels (Figure 7b ). The average vertical profiles of the radiosonde descent speed and VV from 20 radiosondes are displayed in Figure 7 . The descent speeds from the measurements and calculations were generally close at most altitudes (Figure 7a) . A relatively larger difference could be found at~3 km between the two descent datasets at a more detailed level, which was manifested in the extreme outliers in Figure 7b . The medians and means of the VV were generally distributed at approximately 0 m/s at all height levels (Figure 7b ). The VV retrievals from the 20 radiosonde profiles were further divided into two categories: nonconvective (14 profiles) and convective (6 profiles) conditions, which are classified mainly according to the observation records, CAPE, and radar reflectivity. The nonconvective conditions are related to a clear sky or cloudy sky without precipitation and with a small CAPE (<150 J/kg) and reflectivity (<20 dBZ). The convective conditions are associated with a cloudy sky and precipitation (or thunderbolt) occurring [43, 44] . Figure 8a shows the histogram distribution of the VV retrievals. A close occurrence frequency was exhibited by the two weather conditions for a VV between 0 and 0.5 The VV retrievals from the 20 radiosonde profiles were further divided into two categories: nonconvective (14 profiles) and convective (6 profiles) conditions, which are classified mainly according to the observation records, CAPE, and radar reflectivity. The nonconvective conditions are related to a clear sky or cloudy sky without precipitation and with a small CAPE (<150 J/kg) and reflectivity (<20 dBZ). The convective conditions are associated with a cloudy sky and precipitation (or thunderbolt) occurring [43, 44] . Figure 8a shows the histogram distribution of the VV retrievals. A close occurrence frequency was exhibited by the two weather conditions for a VV between 0 and 0.5 m/s. However, compared to the nonconvective condition, the VV distribution was wider and skewed to the large values under the convective condition. In view of a certain bin for a VV >1 m/s, the occurrence frequency was always larger under convective conditions rather than that under nonconvective conditions, implying that there was a stronger updraft in the former weather condition. The occurrence frequency from the convective condition with the exception of the particular radiosonde case (RC 7th ) is also shown in Figure 8a . A similar variation pattern was exhibited between all convective conditions and those with RC 7th discarded, indicating that the extreme RC 7th had little impact on the statistics of the VV distribution under convective conditions. The vertical averages of the VV and their standard deviations are presented in Figure 8b . The vertical VV was almost close to 0 m/s at all altitude levels under nonconvective conditions. In contrast, greater VV variations were exhibited under convective conditions. The incompleteness of the data below 1 km hindered us from analyzing the VV characters near the surface. An apparent difference was found by the two weather categories for a VV from 1 to 5 km, with stronger vertical air motion exhibited under convective activities. Dramatic deep convective systems, which could extend to the upper troposphere, did not occur during our experimental period, resulting in a small VV magnitude above 5 km under both convective and nonconvective conditions. The VV under all convective conditions and those with RC 7th discarded mostly agree well, except for at approximately 3 km. 
Case Study
The VV measurements with absolute values of >10 m/s were detected by the RC7th release. This section focuses on the details of this case and briefly introduces the other two cases with relatively large VV values.
According to the observation records, the cloud fraction increased from 90% at 09:00 LST to 100% at 15:00 LST August 7 over the TB site. The cumulus congestus transformed into cumulonimbus, which was accompanied by rain and lightning at 16:05 LST August 7. As shown in Figure 9a (the synoptic system from ERA5 at 14:00 LST August 7), the TB site was located at the 
The VV measurements with absolute values of >10 m/s were detected by the RC 7th release. This section focuses on the details of this case and briefly introduces the other two cases with relatively large VV values.
According to the observation records, the cloud fraction increased from 90% at 09:00 LST to 100% at 15:00 LST 7 August over the TB site. The cumulus congestus transformed into cumulonimbus, which was accompanied by rain and lightning at 16:05 LST 7 August. As shown in Figure 9a (the synoptic system from ERA5 at 14:00 LST 7 August), the TB site was located at the trough of low pressure at 500 hPa, indicating upward motions of air according to omega equations [9] . In addition, the ERA5-based CAPE was 45.7 J kg −1 at 14:00 LST, which jumped to 609.1 J kg −1 when the rain started. Figure 9b shows the vertical air motions from the ERA5 data at 14:00 LST 7 August. A radiosonde was launched at 14:14 LST, which temporally matched the ERA5 data. The VV obtained by this radiosonde profile is also presented in Figure 9b for comparison. The ERA5 data indicated upward air motion during all altitude levels. The radiosonde showed downward motion near 3 km, straddling between two upward-motion layers with one in the lower atmosphere and one in the middle atmosphere. Compared to the radiosonde derived column-integrated VV (0.44 m/s), a smaller magnitude (0.07 m/s) and a less-structured VV were revealed by the ERA5. However, this difference is understandable by taking into account the followed factors. The ERA5 is a gridded data product which represents the average state of the vertical air motion within a certain spatial region. Several cm s −1 is a typical value for large-scale vertical air motion. However, local deep convection may cause much larger VV values, which can be well expressed by the real-time and in situ measurement from the radiosonde along its descending path. Note that ERA5 dataset is only used to provide a qualitative comparison with the radiosonde measurements in this study; caution should be taken to the ERA5 VV value presented here since ERA5 do not explicitly resolve convection.
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According to the observation records, the cloud fraction increased from 90% at 09:00 LST to 100% at 15:00 LST August 7 over the TB site. The cumulus congestus transformed into cumulonimbus, which was accompanied by rain and lightning at 16:05 LST August 7. As shown in Figure 9a (the synoptic system from ERA5 at 14:00 LST August 7), the TB site was located at the trough of low pressure at 500 hPa, indicating upward motions of air according to omega equations [9] . In addition, the ERA5-based CAPE was 45.7 J kg −1 at 14:00 LST, which jumped to 609.1 J kg −1 when the rain started. Figure 9b shows the vertical air motions from the ERA5 data at 14:00 LST August 7. A radiosonde was launched at 14:14 LST, which temporally matched the ERA5 data. The VV obtained by this radiosonde profile is also presented in Figure 9b for comparison. The ERA5 data indicated upward air motion during all altitude levels. The radiosonde showed downward motion near 3 km, straddling between two upward-motion layers with one in the lower atmosphere and one in the middle atmosphere. Compared to the radiosonde derived column-integrated VV (0.44 m/s), a smaller magnitude (0.07 m/s) and a less-structured VV were revealed by the ERA5. However, this difference is understandable by taking into account the followed factors. The ERA5 is a gridded data product which represents the average state of the vertical air motion within a certain spatial region. Several cm s −1 is a typical value for large-scale vertical air motion. However, local deep convection may cause much larger VV values, which can be well expressed by the real-time and in situ measurement from the radiosonde along its descending path. Note that ERA5 dataset is only used to provide a qualitative comparison with the radiosonde measurements in this study; caution should be taken to the ERA5 VV value presented here since ERA5 do not explicitly resolve convection. The reanalysis and the radiosonde-measured VV diverged dramatically in the boundary layers marked by the horizontal lines (Figure 9b) . The reanalysis showed upward motions that were coherent with the free-tropospheric measurements, whereas the radiosonde showed a sudden shift The reanalysis and the radiosonde-measured VV diverged dramatically in the boundary layers marked by the horizontal lines (Figure 9b) . The reanalysis showed upward motions that were coherent with the free-tropospheric measurements, whereas the radiosonde showed a sudden shift to downward motions below the boundary layer. This is because the reanalysis VV data represent VV mean and cannot resolve the turbulent component-VV'. In a planetary boundary layer that is highly turbulent, the rapidly varying VV' should dominate the VV. This is well captured by the radiosonde data, which show negative VV values even though the cloud observations and synoptic conditions indicate upward air motions. Figure 10 shows the temporal evolution of base reflectivity from the nearest C-band radar at ZJK from TB site (96 km) during the entire measurement period of the extreme radiosonde case -RC 7th . The color bar represents the radar reflectivity, with the red curve denoting the radiosonde drift path during the interval of each radar panel. The maximum reflectivity was~60 dBZ for this case. The radiosonde gradually drifted from the core region to the borderland of this cloud system. As seen by both the experimental log and the radar echo, it was a significant convective cloud process.
Remote Sens. 2019, 11, x FOR PEER REVIEW 12 of 17 to downward motions below the boundary layer. This is because the reanalysis VV data represent VVmean and cannot resolve the turbulent component -VV'. In a planetary boundary layer that is highly turbulent, the rapidly varying VV' should dominate the VV. This is well captured by the radiosonde data, which show negative VV values even though the cloud observations and synoptic conditions indicate upward air motions. Figure 10 shows the temporal evolution of base reflectivity from the nearest C-band radar at ZJK from TB site (96 km) during the entire measurement period of the extreme radiosonde case -RC7th. The color bar represents the radar reflectivity, with the red curve denoting the radiosonde drift path during the interval of each radar panel. The maximum reflectivity was ~60 dBZ for this case. The radiosonde gradually drifted from the core region to the borderland of this cloud system. As seen by both the experimental log and the radar echo, it was a significant convective cloud process. The ground-based radar can provide the convection development process for this case ( Figure  10 ). However, due to the long distance from the radar to the TB site causing very few data points to be generated in the vertical direction, it is not feasible for this radar to provide the vertical profile of this convective system along the radiosonde path. The radiosonde-based cloud retrieval algorithm is thus used to determine the vertical distribution of the cloud layer, as shown in Figure 11 . One low cloud and one middle cloud were detected, with thicknesses of 2234 m and 2087 m, respectively. The tops of both cloud layers were capped by inversion layers. Figure 12a shows the observed vertical descent speed (blue line) and the radiosonde descent height as a function of the descending time (red line). The variation tendency of the temporal descent height was generally smooth during the whole altitude range, except for a sudden jump occurring at approximately 3 km that was reflected by a The ground-based radar can provide the convection development process for this case (Figure 10 ). However, due to the long distance from the radar to the TB site causing very few data points to be generated in the vertical direction, it is not feasible for this radar to provide the vertical profile of this convective system along the radiosonde path. The radiosonde-based cloud retrieval algorithm is thus used to determine the vertical distribution of the cloud layer, as shown in Figure 11 . One low cloud and one middle cloud were detected, with thicknesses of 2234 m and 2087 m, respectively. The tops of both cloud layers were capped by inversion layers. Figure 12a shows the observed vertical descent speed (blue line) and the radiosonde descent height as a function of the descending time (red line). The variation tendency of the temporal descent height was generally smooth during the whole altitude range, except for a sudden jump occurring at approximately 3 km that was reflected by a dramatic fluctuation in the observed descent speed profile. The VV profile superimposed on the cloud layers is shown in Figure 12b . Strong positive and negative VV occurred near the lower-level cloud top and even <−10 m above the cloud top, respectively. The switch between the updraft and the downdraft should be associated with the turbulence dissipation [14] . This was likely a typical case for convective clouds, characterized by strong moist updrafts in the cloud core surrounded by strong dry downdrafts to maintain the mass balance in the boundary layer. Yang [45] showed that different magnitudes of VV on the cloud top correspond to different stages of clouds (developing, mature, and dissipating stages). The large magnitude of the absolute VV at~3 km should correspond to the vigorous developing stage of this convection cloud. In addition to the strong VV at the cloud top height, an evident updraft >2 m/s was ever presented at 1.4 km, which was close to the bottom of the cloud. Figure 12b . Strong positive and negative VV occurred near the lower-level cloud top and even <-10 meters above the cloud top, respectively. The switch between the updraft and the downdraft should be associated with the turbulence dissipation [14] . This was likely a typical case for convective clouds, characterized by strong moist updrafts in the cloud core surrounded by strong dry downdrafts to maintain the mass balance in the boundary layer. [45] showed that different magnitudes of VV on the cloud top correspond to different stages of clouds (developing, mature, and dissipating stages). The large magnitude of the absolute VV at ~3 km should correspond to the vigorous developing stage of this convection cloud. In addition to the strong VV at the cloud top height, an evident updraft >2 m/s was ever presented at 1.4 km, which was close to the bottom of the cloud. Figure 12b . Strong positive and negative VV occurred near the lower-level cloud top and even <-10 meters above the cloud top, respectively. The switch between the updraft and the downdraft should be associated with the turbulence dissipation [14] . This was likely a typical case for convective clouds, characterized by strong moist updrafts in the cloud core surrounded by strong dry downdrafts to maintain the mass balance in the boundary layer. [45] showed that different magnitudes of VV on the cloud top correspond to different stages of clouds (developing, mature, and dissipating stages). The large magnitude of the absolute VV at ~3 km should correspond to the vigorous developing stage of this convection cloud. In addition to the strong VV at the cloud top height, an evident updraft >2 m/s was ever presented at 1.4 km, which was close to the bottom of the cloud. Figure 13 shows the other two radiosonde cases that detected relatively larger absolute VV (>2 m/s) compared to the general VV value. The two radiosondes were launched at 12:46 LST 7 August and 10:53 LST 8 August 2012, respectively. Their synoptic systems were similar to the previous case, i.e., the TB site was located in the low pressure at a 500 hPa level. Great VV variations were presented by both cases. The first case was a two-layered cloud configuration. A large VV was observed within the low-level cloud, with the strongest downdraft being −2.1 m/s at 1.5 km, located at the middle of this cloud layer. The VV then fluctuated between 4 and 5 km. The relatively larger absolute VV value of 1.3 m/s was retrieved at 6.2 km within the high-level cloud. Regarding the second case, one cloud layer with a thickness of 2.9 km was determined by the radiosonde. The VV was relatively stable below 3.5 km, followed by a noticeable variation of an updraft >3 m/s and a downdraft <−1 m/s that occurred within 1 km below the cloud base height. The VV measurements with the greatest values close to 2 m/s were also noted within the cloud layer.
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Discussion and Conclusions
Vertical air motion has long been among the most difficult quantities to measure. Some progress has been made in air velocity retrieval in recent years by using ground-based and space-borne remote sensing instruments. However, such information is still insufficient for most parts of the world, including a large territory of China. Thus, more in situ observations are desperately needed. In this study, a descending radiosonde system is developed based on the conventional radiosonde operated at upper air observation stations.
By using descending radiosonde data collected at a local site in north China during the summer of 2012 (from 3 to 8 August), the vertical air velocity was derived at the low and middle troposphere. The VV generally varied from −1 m/s to 1 m/s, accounting for 80.2% of all analyzed data points. Compared to the nonconvective condition, the VV distribution was wider and skewed to the large value under the convective condition. Apparent vertical air motion was exhibited below 5 km under the convective activities. The average VV throughout the entire profiles was close to 0 m/s under noconvective conditions. Strong vertical air motion (>2 m/s) was observed by a few radiosonde profiles. Radiosonde-based VV profiles showed similar gross patterns with retrievals from the reanalysis data for a case analysis. Moreover, the detailed structure of the instant air motion in the vicinity of the cloud boundaries (i.e., top and base), with an absolute VV >10 m/s occurring in the convection weather system, was well captured by the in situ radiosonde observational technique.
The radiosonde has been in routine operation at more than 120 stations in China for over a decade. In view of the extra low-cost attached to the routine radiosonde operation, it is hoped that this system could be applied to this radiosonde network, and thus, provide additional VV information over a large space of China. This would be beneficial for monitoring climate change and may be used to validate and potentially improve the dynamic parameterization in model simulations.
The preliminary results in this study showed that the technique presented here could be used to derive vertical air motion, which is likely to be deployed for conventional operations and scientific applications. However, taking the following factors into account, only the VV at the low and middle troposphere are discussed in this study: (1) it will take some time for the radiosonde from dropping at a high troposphere to achieve posture balance, and thereby, the quasi-equilibrium state of descent, (2) the great radiosonde descent speed at the upper troposphere could induce large uncertainty in VV retrievals due to their small conventional magnitudes (usually less than dozens of centimeters), and (3) the radiosonde we used tends to provide a more stable performance at the low and middle troposphere. Future studies are needed to reduce the course of the posture balance and to decrease the radiosonde descent speed, thereby favoring a reasonable VV estimation at high altitude levels as well as a better VV retrieval at low/middle altitude levels. Radiosonde descent rate profiles under stable weather conditions are selected and processed to calculate C in this study. More attention should be paid to finding a better estimation method of C and its uncertainty, to improve the VV retrievals. Due in part to the generally small magnitude and high temporal and spatial variability of the vertical air, it is currently difficult to collocate objects detected by a drifting radiosonde and other measurements (e.g., fixed ground-based) to make a point-to-point data comparison. The uncertainty estimation of our system was deduced from the numerical calculation in this study. The results indicated that this method had the potential to capture and describe events with vertical air motions >0.69 m/s, which is useful for convective weather study, as shown by the case analysis with VV > 2m/s and even up to 10 m/s. Further studies will focus on the accurate validation of the method. Satellite measurements and/or a network composed of combined Doppler lidar/radar that can cover the predicted drifting path of the radiosonde should help achieve a careful assessment of the VV method, especially in case of large balloon drift and in cloudy conditions. 
